Constructed wetlands (CWs) are well recognized as having low construction and maintenance cost and low energy requirement. However, CW design has been mainly based on rule-ofthumb approaches. In this study, the efficiency of a modular horizontal subsurface flow (HSSF) CW using four different design schemes was investigated. Based on the results, the four systems have attained more than 90% removal of total suspended solids and more than 50% removal efficiency for total phosphorus, PO 4 -P and Zn. The planted system achieved higher pollutant removal rates than the unplanted system. In terms of media, bottom ash was more effective than woodchip in reducing the pollutants. Considering the flow length, optimum removal efficiency was achieved after passing the sedimentation tank and vertical media layer; with respect to depth, more pollutants were removed in the upper sand layer than in the lower gravel layer. This study recommended a surface area of 0.25 to 0.8% of catchment area for planted CW and 0.26 to 0.9% for unplanted CW using the 7.5 to 10 mm design rainfall.
INTRODUCTION
Generally, nonpoint source (NPS) pollutants are caused by various land uses. Imperviousness in cities with conventional drainage systems causes urban stormwater pollution as well as increased runoff volumes and peak flows. Dietz & Clausen () briefly summarized a variety of impacts with increased impervious cover. Increasing environmental concerns and recent advances in stormwater management, including low impact development (LID) technology have provided engineers with a variety of tools to use in place of traditional catch basins and detention ponds. Current stormwater design in most municipalities mitigates peak flow rates, but does not address the increases in stormwater volume associated with development. Cluster designs, constructed wetland (CW), bioretention, infiltration trench, grassed swales, rain gardens, and pervious pavements all contribute to a reduced overall impervious footprint, and encourage decentralized treatment and infiltration of stormwater runoff.
CWs are effective treatment systems and a simple technology that involves low operational costs. Furthermore, these treatment systems are good at removing not only pathogens and nutrients but also toxic metals and organic pollutants (Belmont et al. ) . Pollutants in CWs are removed through a combination of physical, chemical, and biological processes including sedimentation, precipitation, adsorption, assimilation by the plant tissue and microbial transformations. In a horizontal subsurface flow (HSSF) CW, the water is fed in the influent and continues its way under the surface of the bed in a more or less horizontal path until it reaches the effluent zone. The HSSF CW can provide a reliable secondary level of treatment with regard to biochemical oxygen demand (BOD) and total suspended solids (TSS) but frequently is less effective for nitrogen removal, unless a longer hydraulic retention time and enough oxygenation are provided (Liu et al. ) . In the USA as well as in Europe, most systems operate with HSSF CW. Particularly, there is around 8,000 CW facilities in the USA while, in Germany, the estimation is approximately 50,000 (Vymazal ) . Until now, CW design has been mainly based on rules-of-thumb approaches (guidelines) using specific surface area requirements (Brix & Johansen ) or simple first-order decay models (Rousseau et al. ; Kadlec & Knight ) . In Korea, the guidelines in designing CWs are inadequate and still lacking. Table 1 summarizes the design characteristics and treatment capability of HSSF CW from different literature studies. The HSSF CW shows high TSS and chemical oxygen demand (COD) removal efficiency while it shows low nutrient removal efficiency. The increasing application of CWs for treatment system and strict water quality standards is an ever growing incentive for the development of better process design tools (Rousseau et al. ) . Therefore, this study investigated the pollutant removal efficiency of a modular HSSF CW system using four different design schemes with respect to flow length, depth and plant growth rate. Based on the water quality and performance data, the most efficient scheme was selected. Furthermore, design guidelines were recommended for onsite application of similar systems in the future.
MATERIALS AND METHODS

Constructed wetland design
The overall design and considerations incorporated in this study were based on the studies presented in Table 1 . Best management practices (BMPs) are commonly designed considering the water quality volume (WQV), which can be determined by several methods. In Korea, this WQV is the first-flush design runoff volume expressed in depth per drainage area multiplied by the area that is draining into the BMP. According to design consideration, this study selected a first-flush capture volume of 5 mm of rainfall per drainage area (MLTM ; MOE ). The flow rates 33.47, 66.94 and 133.89 cm 3 /s used for CW operation represent the three major rainfalls of 5, 10 and 20 mm, respectively, which were the dominant rainfall ranges in Korea applied to 120.5 m 2 catchment area. These rainfall ranges were selected because 70 to 80% of the total numbers of storm events per year in Korea were mostly below 10-20 mm and rainfall greater than 20 mm was infrequent (Maniquiz et al. ) .
The schematic of the modular HSSF CW designed for this study is presented in Figure 1 . The bench-scale experimental system consisted of two main parts, a sedimentation tank and media/plant area. The water table in the sedimentation tank and media/plant area has the same elevation, which resulted in the influent flowing horizontally from the sedimentation tank to the media/plant area. The horizontal flow path was verified using flow path test. The sedimentation tank captures and allows the large particles to settle and the media/plant further enhances the treatment process by means of the mechanisms of filtration, adsorption, and plant uptake. In case of excessive runoff due to heavy flow and loading, an overflow channel with gravel media was also included in the system. The vertical media layer containing either woodchip or bottom ash was installed after the sedimentation tank to minimize the clogging to the media/plant area. Perforated underdrain pipes were also installed at the bottom of the media/plant area to uniformly distribute the flow to the system. Four different types of filter material were used in the experimental systems: sand, gravel, bottom ash and woodchip (Table 2) . Three-month-old reed (Phragmites australis) and cattail (Typha angustata) with average height of 26 and 78 cm, respectively, were initially planted in the HSSF CW. The population density of the plants used in the study was 66.7 plants/m 2 for each plant. The reed dried biomass in November was 129.5 g/m 2 while cattail had 78.5 g/m 2 . Measurement of the biomass was done during November as the population of the plants in the bench-scale HSSF CW was not enough for monthly biomass monitoring. Reed was planted before the cattail at the first half of the media/ plant area because of its high potential productivity, deep rhizome and root system, ready propagation and wide distribution of this species, which have made it the most commonly planted species in constructed wetlands around the world (Tanner ).
Experimental and data collection
The influent used was a synthetic runoff prepared in the laboratory by the addition of 150 μm dry sediment from the road, after sieving (passed the #100 mesh), to tap water in the amount needed to achieve typical stormwater pollutant concentrations. After mixing, TSS was measured and the average mean concentration was 150 mg/L. Four experimental sets were monitored: (1) planted with vertical woodchip media layer (WP), (2) planted with vertical bottom ash media layer (BP), (3) unplanted with vertical woodchip media layer (W), (4) unplanted with vertical bottom ash media layer (B). A total of 12 test runs was performed every two weeks and the influent and effluent samples were collected after 0, 30, 60, 120, 180, 240 min. In addition, samples were also collected at the media/plant area from 12 sampling ports shown in Figure 1 spaced 20 cm lengthwise (three ports) and crosswise (four ports). Samples were analyzed for water quality parameters including TSS, chemical oxygen demand (COD) total nitrogen (TN), ammonium (NH 4 -N), total phosphorus (TP), phosphate (PO 4 -P) and heavy metals (Pb, Zn). Analytic analyses were conducted in accordance with the standard methods for the examination of water and wastewater (Greenberg et al. ) .
Calculations and data analyses
The flow-weighted mean concentration (FMC) was calculated for each test run as the average concentration considering the total input volume to the system.
where: C i ¼ pollutant concentration at time i, mg/L; q i ¼ flow in the ith sample; n ¼ total number of samples for the time period. The removal efficiency (RE) was calculated based on the 'efficiency ratio (ER) method' defined in terms of average removal efficiency of pollutants for the time period (U.S. EPA ).
RE (%)
¼ Average influent FMC À Average effluent FMC Average influent FMC (2)
RESULTS AND DISCUSSION
Overall pollutant removal efficiency
The influent and effluent mean (± S.D.) FMCs are summarized in Table 3 . TSS, COD and TP were highly reduced to more than half of its value in the influent. Also the overall average removal efficiency of the four types of CW calculated using the ER determination method is shown in Table 3 . The highest removal efficiency was achieved for TSS with greater than 90% removal. The TN and total Kjeldahl nitrogen (TKN) merely attained less than 50% removal efficiencies. The BP CW showed the highest efficiency compared with the other three types of CW, with the exception of TSS. The TN and PO 4 -P were reduced effectively by BP CW (35 and 55%) and WP CW (28 and 69%), followed by B CW (23 and 54%) and W CW (21 and 54%). The plants might have provided a more effective distribution of the root system and a habitat for more diverse microbial population than the monoculture systems (Zurita et al. ) . By contrast, the W CW had lower efficiency in the reduction of most pollutants.
Removal efficiency with respect to length and depth
In order to find the optimal depth and length, the water samples from media layers were collected at three vertical and four horizontal points. The vertical points were placed in sand layer (10 cm from top), bottom of sand layer (30 cm from top) and bottom of CW (50 cm from top). Two of the horizontal points were placed in sand layer and two in media (woodchip/bottom ash layer) layers. The HSSF CW showed a distinct pattern of changes in pollutant reduction along the flow length (Figure 2 ). Most pollutants achieved 90% removal efficiency by sedimentation and filtration at approximately 71 cm from the inflow, which was after passing the sedimentation tank and vertical media layer. Considering only the high removal efficiency of the pollutants other than TN, similar HSSF wetlands can be designed with a minimum length of 71 cm. Based on the findings, the biggest pollutant reduction was achieved at 126 cm from the inflow length. It means the system can be designed by decreasing the length by at least 24 cm, representing the economic optimum and effective length in this CW. However, HSSF CW design should also incorporate the capacity of the system to retain the design rainfall and develop a larger green space. When the pollutant reduction was compared vertically, the highest pollutant reduction was achieved in first top point by filtration and plant uptake. The plant roots penetrated to the upper 10 to 20 cm of the CW sand media depth and it affected pollutant reduction. According to Tanner et al. () , also oxygen penetration affecting microbial activity could be expected up to this depth. Due to these results, the economic optimum media depth in this CW be at least 20 cm to ensure the pollutant removal efficiency of the system. However, considering the retention capacity of the system for the design rainfall and plant survival the media depth should be increased.
Removal efficiency with respect to plant growth rate
The growth rate of cattail and reed were monitored during June to September 2010. The change in plant height with the corresponding removal rates during the monitored period is shown in Figure 3 . The cattail reached its maximum growth rate of 19.8 mm/day during July while the reed reached its maximum growth rate of 7.6 mm/day in August. The cattail grew and withered faster than the reed. The reed grew gradually and attained its maximum height at 54 cm in the last summer month of September. The reed growth rate was found to be significantly correlated with the cattail (p ¼ 0.018). The plants' growth rate also exhibited high positive correlations with TN and TP removal efficiency. The reed growth rate was correlated with TN (r ¼ 0.608) and TP (r ¼ 0.761). Cattail growth rate showed also high correlations with r values of 0.664 and 0.756 for TN and TP, respectively. On the other hand, the TSS and COD removal efficiencies were not highly correlated with the plants. The pollutant removal efficiencies in the planted CW were mostly higher than the unplanted CW. The greatest difference was in the COD removal of planted CW, with an average of 40% higher than unplanted CW. In addition, the removal of TN and TP in the planted CW was 16 and 20% higher than the unplanted CW during the plant growing season. The plant creates good conditions for assimilating pollutants in its tissue and provides an environment for microorganisms to grow (Vymazal ) .
Design application
Based on the data collected and the physical design of the system, regression plots were constructed by calculating the ratio of facility surface area to catchment area (SA/CA) for various design rainfall based on hydraulic loading rate and an estimated runoff coefficient of 0.8 and plotting against the removal rates of selected constituents. Figure 4 shows the corresponding Zn and Pb removal with respect to SA/CA ratios for selected design rainfall. It should be noted that the limit of SA/CA ratio was determined as the SA/CA ratio corresponding to the maximum removal efficiency with design rainfall. Considering Zn removal, the SA/CA ratio limits for the planted CW were 0.0015 to 0.025, and 0.002 to 0.026 for the unplanted CW. Considering the Pb removal, the SA/CA ratio limits were 0.0012 to 0.022 and 0.0015 to 0.025 for planted and unplanted CW, respectively. Higher SA/CA ratio was required for unplanted than planted CW as the planted CW obtained higher removal performance compared with the unplanted CW. Therefore, the planted CW SA/CA ratio is recommended due to its efficiency and economical aspect. The SA/CA ratio could be applied as guideline is designing similar systems in the future. The importance of proper CW sizing was recognized in early design guidelines published by the state of Maryland, USA, which recommended that the surface area of CW be at least 3% of the contributing CA (MDE ). More recent guidelines recommend both a minimum SA/CA ratio of 1-2% and a treatment volume large enough to capture 90% of all storm events and 1:1 length to width ratio (Schueler ) . The design criterion for treatable volume in Korea was based on an accumulated rainfall of at least 5 or 7.5 mm by the Ministry of Environment (MOE) and Ministry of Land, Transportation and Maritime Affairs (MLTM), respectively. Lee et al. () analyzed the first-flush runoff criterion according to runoff volume and treated mass. The study reported that using 5 mm rainfall was supposedly safe, but still the quality of the treated water might not produce acceptable results. The study concluded that it was best to design the BMP according to 7.5 mm rainfall as the lower limit. Based on the results of this study, some recommendations on the design criteria were generalized and are presented in Table 4 . The design recommendations were achieved using the research results and Table 1 .
CONCLUSIONS
It is generally accepted that CWs are effective, economic and ecological treatment systems. Based on the results of this study, the four types of CW obtained satisfactory pollutant removal and ranked from highest to lowest as follows: BP > B > WP > W CW. Compared with previous studies about HSSF CW, the TP removal efficiency of this system was high, ranging from 56 to 91%. The planted system achieved higher pollutant removal rates than the unplanted system, and the bottom ash media was more effective than woodchip in reducing the pollutants. Considering the flow length, optimum removal efficiency was achieved after passing the sedimentation tank and vertical media layer, while with respect to depth more pollutants were removed in the upper sand layer than the lower gravel layer. The reed and cattail growth rates were correlated with nutrient removal with Pearson r value of 0.608 and 0.664 for TN while 0.761 and 0.756 for TP, respectively. Therefore, the plants create good conditions for the removal of pollutants. Finally, this study recommended a surface area of 0.25 to 0.8% of catchment area for planted CW and 0.26 to 0.9% for unplanted CW using the 7.5 to 10 mm design rainfall. It should be noted that these are only guidelines resulting from the study and must be used cautiously.
